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(57) ABSTRACT 

Described herein are compositions and methods for the treat 
ment of Parkinson’s disease (PD) and/ or to protect dopamin 
ergic nigrostriatal neuronal cell bodies from 6-OHDA-in 
duced neurotoxicity in a mammal. In various embodiments of 
the invention, the dopaminergic neuron differentiation factor 
sonic hedgehog (Shh) and/or its downstream transcription 
factor target Gli-1 are used in connection with gene therapeu 
tic techniques or direct peptide injection for the aforemen 
tioned indications. Kits useful in practicing the inventive 
method are also disclosed, as are animal models useful for 
studying various neurodegenerative conditions. 
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TREATMENT OF PARKINSON’S DISEASE 
AND RELATED DISORDERS 

This application is the National Phase of International 
Application PCT/US05/29192, ?led Aug. 11, 2005, which 
designated the US. and that International Application was 
published under PCT Article 21 (2) in English. This applica 
tion also includes a claim of priority under 35 U.S.C. §119(e) 
to US. provisional patent application No. 60/600,629, ?led 
Aug. 11,2004. 

FIELD OF THE INVENTION 

The invention relates to the ?eld of neurodegenerative dis 
orders, and, in particular embodiments, to Parkinson’s dis 
ease. 

BACKGROUND OF THE INVENTION 

Treatments for Parkinson’s disease (PD), although effec 
tive, do not halt the progressive loss of substantia nigra 
dopaminergic neurons. Eventually, clinical symptoms 
become resistant to treatments relying on the integrity of 
nigrostriatal neurons, such as L-DOPA [S. Mandel et al., 
Neuroprotective strategies in Parkinson ’s disease: an update 
on progress, CNS Drugs, 17:729-762 (2003)]. Preserving 
viable nigrostriatal neurons would delay disease progression 
and thus prolong treatments’ ef?cacy [1. H. Kordower et al., 
Neurodegeneration prevented by lentiviral vector delivery of 
GDNF in primate models of Parkinson ’s disease, Science, 
290:767-773 (2000); D. Kirik et al., Long-term rAAV-medi 
ated gene transfer of GDNF in the rat Parkinson ’s model: 
intrastriatal but not intranigral transduction promotes func 
tional regeneration in the lesioned nigrostriatal system, J. 
Neurosci., 20:4686-4700 (2000); D. L. Choi-Lundberg et al., 
Dopaminergic neurons protected from degeneration by 
GDNF gene therapy, Science, 275:838-841 (1997); M. G. 
Castro et al., Gene therapy for Parkinson ’s disease: recent 
achievements and remaining challenges, Histol. Histo 
pathol., 16:1225-1238 (2001)]. Glial-cell-derived neu 
rotrophic factor (GDNF) protects nigral dopaminergic cell 
bodies and their striatal axon terminals from in vitro and in 
vivo neurotoxicity induced by 6-hydroxydopamine 
(6-OHDA) [D. L. Choi-Lundberg et al., Dopaminergic neu 
rons protected from degeneration by GDNF gene therapy, 
Science, 275:838-841 (1997)4], MPTP [1. H. Kordower et al., 
Neurodegeneration prevented by lentiviral vector delivery of 
GDNF in primate models of Parkinson ’s disease, Science, 
290:767-773 (2000)], or methamphetamine [W. A. Cass, 
GDNF selectively protects dopamine neurons over serotonin 
neurons against the neurotoxic @fects of methamphetamine, 
J. Neurosci., 16:8132-8139 (1996)], and possibly also in PD 
patients [S. S. Gill et al., Direct brain infusion of glial cell 
line-derived neurotrophic factor in Parkinson disease, Nat. 
Med, 9:589-595 (2003)]. 
GDNF has been delivered into the brain using adenovirus 

(RAd)-, adeno-associated virus-, herpes simplex virus type 1 
(HSV-1)-, or lentiviral-derived vectors or by direct peptide 
injection [M. G. Castro et al., Gene therapy for Parkinson ’s 
disease: recent achievements and remaining challenges, His 
tol. Histopathol., 16:1225-1238 (2001); S. S. Gill et al., 
Direct brain infusion ofglial cell line-derived neurotrophic 
factor in Parkinson disease, Nat. Med., 91589-595 (2003); A. 
Bjorklund et al., Towards a neuroprotective gene therapy for 
Parkinson ’s disease: use of adenovirus, AAV and lentivirus 
vectors for gene transfer of GDNF to the nigrostriatal system 
in the rat Parkinson model, Brain Res., 886182-98 (2000); E. 
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A. Burton et al., Gene therapy progress and prospects: Par 
kinson ’s disease, Gene Ther., 10: 1721 -1727 (2003)]. Despite 
its neuroprotective actions, GDNF can have untoward effects 
(i.e., reduction of tyrosine hydroxylase mRNA in nigrostri 
atal neurons, aberrant morphologies of striatal tyrosine 
hydroxylase-immunoreactive axons, and increased cell death 
following experimental stroke) [B. Georgievska et al., Aber 
rant sprouting and downregulation of tyrosine hydroxylase in 
lesioned nigrostriatal dopamine neurons induced by long 
lasting overexpression of glial cell line derived neurotrophic 
factor in the striatum by lentiviral gene transfer, Exp. Neurol., 
177:461-474 (2002); A. Arvidsson et al., Elevated GDNF 
levels following viral vector-mediated gene transfer can 
increase neuronal death after stroke in rats, Neurobiol. Dis., 
14:542-556 (2003); C. Rosenblad et al., Long-term striatal 
overexpression of GDNF selectively downregulates tyrosine 
hydroxylase in the intact nigrostriatal dopamine system, Eur. 
J. Neurosci., 171260-270 (2003)]. 

The disclosures of all documents referred to throughout 
this application are incorporated herein by reference. The 
foregoing examples of the related art and limitations related 
therewith are intended to be illustrative and not exclusive. 
Other limitations of the related art will become apparent to 
those of skill in the art upon a reading of the speci?cation and 
a study of the drawings. 

SUMMARY OF THE INVENTION 

The following embodiments and aspects thereof are 
described and illustrated in conjunction with compositions 
and methods which are meant to be exemplary and illustra 
tive, not limiting in scope. In various embodiments, one or 
more of the above-described problems have been reduced or 
eliminated, while other embodiments are directed to other 
improvements . 

One embodiment of the present invention includes a 
method for treating Parkinson’s disease in a mammal, includ 
ing providing a quantity of a viral vector expressing Sth and 
administering a therapeutically effective amount of the quan 
tity of the viral vector to the mammal. 

Another embodiment of the present invention includes a 
method for treating Parkinson’s disease in a mammal, includ 
ing providing a quantity of a viral vector expressing Gli-1 and 
administering a therapeutically effective amount of the quan 
tity of the viral vector to the mammal. 

Another embodiment of the present invention includes a 
method for protecting dopaminergic nigrostriatal neuronal 
cell bodies from 6-OHDA-induced neurotoxicity in a mam 
mal, including providing a quantity of a viral vector express 
ing Sth and administering a therapeutically effective 
amount of the quantity of the viral vector to the mammal. 

Another embodiment of the present invention includes a 
method for protecting dopaminergic nigrostriatal neuronal 
cell bodies from 6-OHDA-induced neurotoxicity in a mam 
mal, including providing a quantity of a viral vector express 
ing Gli-1 and administering a therapeutically effective 
amount of the quantity of the viral vector to the mammal. 

Another embodiment of the present invention includes a 
method for treating PD in a mammal, including providing a 
composition comprising a Sth protein, a Gli-1 protein, or 
both, and administering a therapeutically effective amount of 
the composition to the mammal. 

Another embodiment of the present invention includes a 
method for protecting dopaminergic nigrostriatal neuronal 
cell bodies from 6-OHDA-induced neurotoxicity in a mam 
mal, including providing a composition comprising a Sth 
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protein, a Gli-l protein, or both, and administering a thera 
peutically effective amount of the composition to the mam 
mal. 

Another embodiment of the present invention includes a 
kit, including a composition comprising a viral vector 
expressing Sth, and instructions for its use for treating PD 
in a mammal. 

Another embodiment of the present invention includes a 
kit, including a composition comprising a viral vector 
expressing Gli- l, and instructions for its use for treating PD in 
a mammal. 

Another embodiment of the present invention includes a 
kit, including a composition comprising Sth protein, Gli-l 
protein, or both, and instructions for its use for treating PD in 
a mammal. 

Another embodiment of the present invention includes an 
in vivo model of ni grostriatal neurodegeneration, comprising 
a non-human mammal that carries in at least a portion of the 
cells of its brain at least one exogenous Sth DNA encoding 
a Sth peptide. 

Another embodiment of the present invention includes an 
in vivo model of ni grostriatal neurodegeneration, comprising 
a non-human mammal that carries in at least a portion of the 
cells of its brain at least one exogenous Gli-l DNA encoding 
a Gli-l peptide. 

Other features and advantages of the invention will become 
apparent from the following detailed description, taken in 
conjunction with the accompanying drawings, which illus 
trate, by way of example, various features of embodiments of 
the invention. 

BRIEF DESCRIPTION OF THE FIGURES 

Exemplary embodiments are illustrated in referenced ?g 
ures of the drawings. It is intended that the embodiments and 
?gures disclosed herein are to be considered illustrative rather 
than restrictive. 

FIG. 1 illustrates the genomic structures of RAd-GDNF, 
RAd-Sth, and RAd-Gli-l, in accordance with an embodi 
ment of the present invention. Recombinant adenoviruses 
(RAd) were generated by homologous recombination after 
cotransfection into 293 cells of a shuttle expression plasmid 
encoding Sth, Gli-l, or Nurr-l together with the Ad5 
genomic plasmid pJMl7. The shuttle plasmid contained 
adenoviral DNA sequences encoding the left-end replication 
origin/packaging elements and the overlap-recombination 
region. Restriction patterns of adenoviral vectors digested 
with HindIII con?rmed the presence of the transgenes. Iden 
tity of the transgenes was con?rmed by Southern blot hybrid 
ization, using speci?c DIG-labeled probes. (a) The schematic 
structure of the new vectors described herein. (b, c) The 
characterization of RAd-GDNF, with (b) the restriction 
analysis and (c) the Southern blot hybridization indicating the 
presence of the expected transgene band (1.4 kb), in lanes 1 
and 2. Inb and c the lane numbers indicate 1, the shuttle vector 
used to construct the recombinant virus, pALGDNF (as posi 
tive control); 2, RAd-GDNF; 3, the Ad5 genomic plasmid 
pJMl7 (as negative control); and 4, molecular weight mark 
ers. (d, e) The characterization of RAd-Sth, with (d) the 
restriction analysis and (e) the Southern blot hybridization 
indicating the presence of the band containing the transgene 
Sth (0.9 kb), in lanes 1 and 2. In d and e the lane numbers 
indicate 1, RAd-Sth; 2, the shuttle plasmid pALSth (as 
positive control); and 3, molecular weight markers. (f, g) The 
characterization of RAd-Gli-l, with (f) the restriction analy 
sis and (g) the Southern blot hybridization indicating the 
presence of the band containing the transgene Gli-l, of 
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4 
approx 4.0 kb, in lanes 1 and 3. In f and g the lane numbers 
indicate MW, molecular weight markers; 1, RAd-Gli-l; 2, 
pJMl7 (as negative control); and 3, pALGli-l (as positive 
control). The construction of Nurr-l followed identical prin 
ciples but is not illustrated. 

FIG. 2 illustrates that Sth is produced and released by 
BHK or glial cells infected with RAd-Sth in accordance 
with an embodiment of the present invention. The presence of 
Sth in the supernatant of BHK cells infected with RAd 
Sth is shown in (a, b) a Western blot analysis, (c) a dot blot, 
and (d) an ELISA. Electrophoretic separation of conditioned 
medium (CM) from RAd-infected BHK cells on 10% Nu 
PAGE gel is shown in (a). Lanes l-4 contain 25-fold-concen 
trated samples from the different CM: (1) serum-free (SF) 
medium, (2) CM mock, (3) CM LacZ, (4) CM Sth. MW 
corresponds to molecular weight standards. Western blot 
analysis (b) con?rmed that Sth (approx 20 kDa) was 
released into culture medium after RAd- Sth infection. Dot 
blot analysis is illustrated in (c): 200 pl of 50% conditioned 
medium from RAd-infected BHK cells was immunoreacted 
with anti-Sth antibodies. This assay demonstrated that 
Sth was detected only in the conditioned medium from 
BHK cells infected with RAd-Sth. This assay was carried 
out using conditioned medium at the same concentration used 
for bioactivity assays. Conditioned medium from BHK cells 
infected with increasing moi. of 0-1000, and assayed for 
Sth using an ELISA, is shown in (d). Two way ANOVA: 
m.o.i. F327:l.586, P2005. RAd F127I72.423, P20001. 
RAd*m.o.i. F327:3.23l, P2005 (+). Dunnett t (two-tailed) 
post hoc test for RAd effects: RAd-CMV-Sth vs mock, 
P20001, but RAd-35 vs mock, P2005. Dunnett t (two 
tailed) post hoc test for RAd*m.o.i. interaction: RAd-Sth 
100 vs mock, P2005 (++); RAd-Sth 300 vs mock (+++); 
and RAd-Sth 1000 vs mock, P<001 (++). The other pos 
sible RAd*m.o.i. combinations were not signi?cant com 
pared to mock-infected cultures. This illustrates that the 
release of Sth into the medium, following RAd-Sth 
infection of BHK cells, increased proportionally to RAd 
Sth m.o.i. and reached its peak at 300 m.o.i.; this m.o.i. was 
selected for production of the conditioned media for further 
bioactivity studies. In addition, to test whether Sth would 
also be produced and released from rodent glial cells, primary 
cultures of glial cells were infected with RAd-Sth. The 
control cells are illustrated in (e) and infected cells expressing 
Sth are shown in (f). Release of Sth into the supernatant, 
analysis by dot blot, is shown in (g). Two hundred microliters 
of 50% conditioned medium from mock or RAd-infected 
glial cells was immunoreacted with a speci?c anti-Sth anti 
body. This assay demonstrated that Sth was released only 
into the conditioned medium originating from glial cells 
infected with RAd-Sth. 

FIG. 3 illustrates that RAd-Sth increases the survival of 
dopaminergic neurons (TH+ neurons) in ventral-mesen 
cephalic (VM) cultures, in accordance with an embodiment 
of the present invention. E14 VM cultures were incubated for 
four days with (a, b) CM from mock-infected BHK cells or 
CM from BHK cells infected with (c, d) RAd-35 or (e, f) 
RAd-Sth. In parallel cultures cells were pretreated with the 
anti-Sth blocking antibody 5E1 (the effects of anti-Shh Ab 
are not illustrated; a, c, e). Anti-Sth antibody was co-ad 
ministered to the different conditioned media to a ?nal dilu 
tion of 1:500. Neuron numbers were assessed and are 
expressed as the percentage of TH+ neurons per well, relative 
to mock-infected treatment in the absence of anti-Sth anti 
body (meanszSEM); this is illustrated in (g). Compared with 
the other treatments, CM Sth signi?cantly increased the 
number of TH+ neurons in the absence but not in the presence 
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of anti-Shh antibody (g). CM-mock+antibody (n:12), 
866816.47; CM-mock (n:12), 100.0016.73; CM-RAd-35+ 
antibody (n:12), 103.6219.84; CM-RAd-35 (n:12), 
97.4614.12; CM-Shh+antibody (n:12), 11218.22; CM-Shh 
(n:12), 159.8219.51. Two way ANOVA followed by Tukey 
post hoc analysis indicated that the group treated with RAd 
Sth was statistically signi?cantly different (P;0.001) from 
all other groups, and there was no statistically signi?cant 
difference between any of the other treatments. This experi 
ment was repeated at least three times. a-f and g originate 
from different experiments. Images were chosen to illustrate 
neuronal morphology; quantitation was chosen to determine 
the statistical signi?cance of the results. 

FIG. 4 illustrates the bioreactivity of RAd-Sth in accor 
dance with an embodiment of the present invention. (a) In 
vitro bioactivity of RAd-Sth, RAd-Gli-l, and RAd-Nurr-l . 
A schematic view of the mechanism of action of Sth, and 
Gli-1, is shown. This illustrates the interaction of Sth with 
Ptc and Smo, the release of the inhibition on Smo, and the 
eventual stimulation of activated Gli-1 translocation into the 
nucleus to activate further downstream target genes. (b) The 
bioactivity of RAd-Sth and RAd-Gli-l. HeLa cells were 
infected with RAd-Sth, or RAd-Gli- 1, or a negative control 
vector, at m.o.i. 200 IU/cell, and 48 hours later cells were 
?xed and the proteins detected with speci?c primary antibod 
ies and immuno?uorescently labeled secondary antibodies. 
Most of the Sth immunoreactivity highlighted the Golgi 
apparatus, compatible with the intracellular distribution of a 
secretory protein, while Gli-1 showed both a cytoplasmic and 
a nuclear localization, as expected from a transcription factor 
that has been shown to shuttle between the cytoplasm and the 
nucleus. Differentiation of the pluripotential cell line 
C3H10T1/2 into osteoblasts was induced upon infection with 
RAd-Sth, or RAd-Gli-l, following infection at m.o.i. 200. 
Alkaline phosphatase (AP) activity was used as a marker for 
osteoblast differentiation. Both vectors induced AP activity, 
and the quantitative analysis of AP+ cells is illustrated in (c). 
(d, e) The transcriptional activation mediated by RAd-Nurr-l 
is shown. COS-7 cells were transfected with the reporter 
plasmid NBRE-Luciferase (d), containing the binding site for 
Nurr-l, and infected with RAd-Nurr-l in sense orientation or 
RAd-Nurr-l in antisense orientation (RAd-Nurr-IAS), used 
as negative control. (e) Luciferase activity was measured 48 
hours after. The transcription factor Nurrl binds to the 
canonical NBRE domain and induces expression of 
luciferase. (f) COS-7 cells were infected with RAd-Nurr-l, or 
a negative control vector, at m.o.i. 200 IU/cell, and 48 hours 
later cells were ?xed and immunostained with antibodies 
recognizing Nurrl. 

FIG. 5 illustrates retrograde targeting of nigrostriatal 
dopaminergic neurons throughout the rostrocaudal extent of 
the substantia nigra in accordance with an embodiment of the 
present invention. A recombinant adenovirus encoding the 
reporter gene thymidine kinase (RAd-TK, 3.2><107 IU) was 
stereotaxically injected into the rat dorsal striatum (AP +1.0 
mm, ML +3.2, DV —5.0 mm). Retrograde transport of this 
vector to the substantia nigra pars compacta (SNpc) was 
veri?ed one week after the injection, by immunostaining of 
TK protein using speci?c anti-HSV TK antibodies. (A-P) The 
expression of TK throughout the rostrocaudal axis of the 
SNpc from (A) AP-4.8 to (P) AP-6.30. 

FIG. 6 illustrates a method for combined retrograde target 
ing of substantia nigra dopaminergic neurons with both 
?uoro-gold and adenoviral vectors in accordance with an 
embodiment of the present invention. The method used to 
retrograde target RAd and ?uoro-gold to anatomically over 
lapping areas in the sub stantia nigra is illustrated. The method 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
was exhaustively optimized to label a comparable amount of 
nigrostriatal neurons (range 30-50) by each method. Also 
illustrated is the degeneration of ?uoro-gold+ cells after 
administration of 6-OHDA and the fact that all neurons ret 
rogradely labeled with ?uoro-gold indeed are TH-positive. 
All neurons retrogradely labeled by RAd were also TH-posi 
tive (not illustrated). (a) A coronal section through the stria 
tum showing colocalization of the ?uorescent tracer ?uoro 
gold (green) and RAd-expressed transgene (red), following 
their stereotaxic injection into the rat brain at the level of the 
dorsal striatum, using coordinates identical to those used for 
the neurotoxicity experiments (scale bar, 1 mm). For these 
experiments RAd-TK (encoding an intracellular gene prod 
uct) was injected into the striatum, as described for FIG. 5. 
One week later, the progressive degeneration of the nigros 
triatal pathway was induced by injection of 6-OHDA at the 
same coordinates used for ?uoro-gold and RAd. (b)A coronal 
section of the substantia nigra. Fluoro-gold has been retro 
gradely transported to the substantia nigra (green), and RAd 
expressed transgene is detected by immunocytochemistry 
(red). Double labeling demonstrates colocalization (yellow) 
of ?uoro-gold (green) and RAd-encoded TK (red) in the 
neurons of the SNpc. Expression of the encoded marker trans 
gene was detected by indirect immuno?uorescence. Sections 
illustrated in (c-g) show coronal sections of the substantia 
nigra immunoreacted for TH and evaluated for the presence 
of ?uoro-gold. Dopaminergic neurons were detected by 
immuno?uorescence using a speci?c anti-TH antibody. 
Notice the degeneration of ?uoro-gold+ neurons after intras 
triatal injection of 16 pg of 6-OHDA (e.g., e, low-power view 
of the substantia nigra; g, high-magni?cation view). In the 
contralateral side, vehicle (saline) injection in the striatum 
does not induce degeneration (c and f, c, low-power view of 
the substantia nigra; f, high-magni?cation view). Colocaliza 
tion (yellow) indicates that every ?uoro -gold+ neuron (green) 
is TH+ (red). 

FIG. 7 illustrates effects of gene transfer on substantia 
nigra dopaminergic neurons in accordance with an embodi 
ment of the present invention. Adenovirus-mediated gene 
transfer of 1><108 IU of (a, b) RAd-35, (c, d) RAd-GDNF, (e, 
f) RAd-Sth, (g, h) RAd-Gli-l, or RAd-Nurr-l (not illus 
trated) was tested against 6-OHDA-induced neurodegenera 
tion of nigrostriatal cells retrogradely labeled with ?uoro 
gold. The side injected with 6-OHDA is shown on the left, and 
the control side is shown on the right. Injection of RAd 
GDNF, RAd-Sth, and RAd-Gli-l protected a signi?cant 
amount of nigro striatal neurons compared to animals injected 
with the negative control vector RAd-35. Note the survival of 
large ?uoro-gold+ neurons in the ipsilateral site of animals 
injected with RAd-Sth (e), RAd-Gli-l (g), and RAd-GDNF 
(c) compared with RAd-35 (a). The quantitative analysis is 
shown in (i) and also indicates the analysis of the animals 
injected with RAd-Nurr-l. Survival of nigrostriatal neurons 
was expressed as a percentage of unlesioned contralateral 
neurons. (0) The area occupied by dopamine neurons’ cell 
bodies protected from degeneration after treatment with 
1><108 IU of RAd-Sth, RAd-Gli-l, or RAd-GDNF was 
quanti?ed and expressed as a percentage of the neuron soma 
area in the contralateral site. RAd-GDNF, RAd-Sth, and 
RAd-Gli-l all protected cell body size compared with RAd 
35. RAd-GDNF showed the strongest effect. Cell body pro 
tection by Sth and Gli-1 was statistically signi?cantly dif 
ferent from that of animals injected with RAd-35. The 
treatment groups were compared by repeated-measures 
ANOVA with post hoc Tukey or Dunnet multiple comparison 
test; *P§0.05; ***P§0.005. 
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FIG. 8 illustrates effects of gene transfer on striatal dopam 
inergic innervation in accordance with an embodiment of the 
present invention. The column on the left illustrates sections 
throughout the striatum of treated animals immunoreacted 
with an antibody raised against TH, to reveal the density of 
TH-immunopositive ?bers in the striatum. The lesioned side 
is on the left, the control side is on the right. Notice that only 
animals injected with RAd-GDNF showed a protection of the 
striatal dopaminergic ?bers. The graph shows the densitomet 
ric analysis of TH+ ?ber density in the striatum of rats treated 
with 1><108 IU of RAd-Shh, RAd-Gli-1, RAd-GDNF, or 
RAd-35. Degeneration of axonal terminals in the striatum 
after administration of 6-OHDA is not prevented following 
the injection of RAd-Sth, RAd-Gli-1, or RAd-Nurr-l (not 
shown). Only RAd-GDNF is able to protect TH+ ?bers sig 
ni?cantly. The treatment groups were compared by repeated 
measures ANOVA with post hoc Tukey or Dunnet multiple 
comparison test; *P§0.05. Scale bar, 1 mm. 

FIG. 9 illustrates transgene expression in the substantia 
nigra in accordance with an embodiment of the present inven 
tion. RAd-Sth or RAd-Gli-1 was injected into the striatum 
and 1 or 4 weeks later animals were perfusion-?xed and 
brains were sectioned and probed with speci?c antibodies for 
either Sth or Gli-1. Two rostrocaudal levels are shown for 
each condition. There was no speci?c immunostaining in 
either the contralateral sub stantia nigra or the uninj ected ani 
mals. Scale bar, 200 um. 

DETAILED DESCRIPTION 

Unless de?ned otherwise, technical and scienti?c terms 
used herein have the same meaning as commonly understood 
by one of ordinary skill in the art to which this invention 
belongs. Singleton et al., Dictionary ofMicrobiology and 
Molecular Biology 2nd ed., J. Wiley & Sons (NewYork, NY. 
1994); March, Advanced Organic Chemistry Reactions, 
Mechanisms and Structure 4th ed., J. Wiley & Sons (New 
York, NY. 1992); and Sambrook and Russel, Molecular 
Cloning: A Laboratory Manual 3rd ed., Cold Spring Harbor 
Laboratory Press (Cold Spring Harbor, NY. 2001), provide 
one skilled in the art with a general guide to many of the terms 
used in the present application. One skilled in the art will 
recognize many methods and materials similar or equivalent 
to those described herein, which could be used in the practice 
of the present invention. Indeed, the present invention is in no 
way limited to the methods and materials described. For 
purposes of the present invention, the following terms are 
de?ned below. 

“Bene?cial results” include, but are in no way limited to, 
lessening or alleviating the severity of Parkinson’s disease 
(PD) or its complications, preventing or inhibiting it from 
manifesting, preventing or inhibiting it from recurring, 
merely preventing or inhibiting it from worsening, curing PD, 
reversing the progression of PD, prolonging a patient’s life or 
life expectancy, ameliorating PD, or a therapeutic effort to 
effect any of the aforementioned, even if such therapeutic 
effort is ultimately unsuccessful. 

“Curing” PD includes altering the physiology of the central 
nervous system (“CNS”) and/ or its biological components to 
the point that the disease cannot be detected after treatment. 

“Gene transfer” or “gene delivery” refers to methods or 
systems for reliably inserting foreign DNA into host cells. 
Such methods can result in transient expression of non-inte 
grated transferred DNA, extrachromosomal replication and 
expression of transferred replicons (e.g., episomes), or inte 
gration of transferred genetic material into the genomic DNA 
of host cells. Gene transfer provides a unique approach for the 
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8 
treatment of acquired and inherited diseases. A number of 
systems have been developed for gene transfer into mamma 
lian cells. See, e.g., US. Pat. No. 5,399,346. Examples ofwell 
known vehicles for gene transfer include adenovirus and 
recombinant adenovirus (RAv), adeno-associated virus 
(AAV), herpes simplex virus type 1 (HSV-l), and lentivirus 
(LV). 
“Mammal” as used herein refers to any member of the class 

Mammalia, including, without limitation, humans and non 
human primates such as chimpanzees and other apes and 
monkey species; farm animals such as cattle, sheep, pigs, 
goats and horses; domestic mammals such as dogs and cats; 
laboratory animals including rodents such as mice, rats and 
guinea pigs, and the like. The term does not denote a particu 
lar age or sex. Thus, adult and newborn subjects, as well as 
fetuses, whether male or female, are intended to be included 
within the scope of this term. 

“Therapeutically effective amount” as used herein refers to 
that amount which is capable of achieving bene?cial results in 
a patient with PD. A therapeutically effective amount can be 
determined on an individual basis and will be based, at least in 
part, on consideration of the physiological characteristics of 
the mammal, the type of delivery system or therapeutic tech 
nique used and the time of administration relative to the 
progression of the disease: 

“Treatment” and “treating,” as used herein refer to both 
therapeutic treatment and prophylactic or preventative mea 
sures, wherein the object is to prevent, slow down and/or 
lessen the disease even if the treatment is ultimately unsuc 
cessful. 
“AAV vector” refers to any vector derived from an adeno 

associated virus serotype, including, without limitation, 
AAV-1, AAV-2, AAV-3, AAV-4, AAV-5, AAVX7, etc. AAV 
vectors can have one or more of the AAV wild-type genes 
deleted in whole or in part, preferably the Rep and/or Cap 
genes, but retain functional ?anking inverted terminal repeat 
(“ITR”) sequences. Functional ITR sequences are generally 
necessary for the rescue, replication and packaging of the 
AAV virion. Thus, an AAV vector is de?ned herein to include 
at least those sequences required in cis for replication and 
packaging (e.g., functional ITRs) of the virus. The ITRs need 
not be the wild-type nucleotide sequences, and may be altered 
(e.g., by the insertion, deletion or substitution of nucleotides) 
so long as the sequences provide for functional rescue, repli 
cation and packaging. A number of adenovirus-based gene 
delivery systems have also been developed. Human adenovi 
ruses are double-stranded DNA viruses which enter cells by 
receptor-mediated endocyto sis. These viruses are particularly 
well suited for gene transfer because they are easy to grow and 
manipulate and they exhibit a broad host range both in vivo 
and in vitro. Adenovirus is easily produced at high titers and 
is stable so that it can be puri?ed and stored. Even in the 
replication-competent form, adenoviruses generally cause 
only low level morbidity and are generally not associated with 
human malignancies. For descriptions of various adenovirus 
based gene delivery systems, see, e.g., Haj -Ahmad and Gra 
ham (1986) J. Virol. 57:267-274; Bett et al. (1993) J. Virol. 
67: 591 1-5921; Mittereder et al. (1994) Human Gene Therapy 
51717-729; Seth et al. (1994) J. Virol. 681933-940; Barr et al. 
(1994) Gene Therapy 1:51-58; Berkner, K. L. (1988) Bio 
Techniques 6:616-629; and Rich et al. (1993) Human Gene 
Therapy 4:461 -476. The construction of recombinant adeno 
associated virus (“rAAV”) vectors has also been described. 
See, e.g., US. Pat. Nos. 5,173,414 and 5,139,941; Intema 
tional Patent Publication Numbers WO 92/01070 (published 
Jan. 23, 1992) and WO 93/03769 (published Mar. 4, 1993); 
Lebkowski et al. (1988) Molec. Cell. Biol. 8:3988-3996;Vin 
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cent et al. (1990) Vaccines 90 (Cold Spring Harbor Labora 
tory Press); Carter, B. J. (1992) Current Opinion in Biotech 
nology 31533-539; Muzchka, N. (1992) Current Topics in 
Microbiol. and Immunol. 158197-129; and Kotin, R. M. 
(1994) Human Gene Therapy 51793-801. 

“Recombinant virus” refers to a virus that has been geneti 
cally altered (e.g., by the addition or insertion of a heterolo 
gous nucleic acid construct into the particle). 
“AAV virion” refers to a complete virus particle, such as a 

wild-type (“wt”) AAV virus particle (i.e., including a linear, 
single-stranded AAV nucleic acid genome associated with an 
AAV capsid protein coat). In this regard, single-stranded 
AAV nucleic acid molecules of either complementary sense 
(i.e., “sense” or “antisense” strands) can be packaged into any 
one AAV virion; both strands are equally infectious. 
A “recombinant AAV virion” or “rAAV virion” is de?ned 

herein as an infectious, replication-defective virus composed 
of an AAV protein shell, encapsidating a heterologous DNA 
molecule of interest (e.g., Sth, Gli-1) which is ?anked on 
both sides by AAV ITRs. A rAAV virion may be produced in 
a suitable host cell which has had anAAV vector, AAV helper 
functions and accessory functions introduced therein. In this 
manner, the host cell is rendered capable of encoding AAV 
polypeptides that are required for packaging the AAV vector 
(i.e., containing a recombinant nucleotide sequence of inter 
est) into recombinant virion particles for subsequent gene 
delivery. 

The term “transfection” is used herein to refer to the uptake 
of foreign DNA by a cell. A cell has been “transfected” when 
exogenous DNA has been introduced inside the cell mem 
brane. A number of transfection techniques are generally 
known in the art. See, e.g., Graham et al. (1973) Virology, 
52:456, Sambrook et al. (1989) Molecular Cloning, a labora 
tory manual, Cold Spring Harbor Laboratories, New York, 
Davis et al. (1986) Basic Methods in Molecular Biology, 
Elsevier, and Chu et al. (1981) Gene 13:197. Such techniques 
can be used to introduce one or more exogenous DNA moi 
eties, such as a plasmid vector and other nucleic acid mol 
ecules, into suitable host cells. The term refers to both stable 
and transient uptake of the genetic material. 

The term “transduction” denotes the delivery of a DNA 
molecule to a recipient cell either in vivo or in vitro, via a 
replication-defective viral vector, such as via a recombinant 
AAV virion. 

The term “heterologous,” as it relates to nucleic acid 
sequences such as gene sequences and control sequences, 
denotes sequences that are not normally joined together and/ 
or are not normally associated with a particular cell. Thus, a 
“heterologous” region of a nucleic acid construct or a vector 
is a segment of nucleic acid within or attached to another 
nucleic acid molecule that is not found in association with the 
other molecule in nature. For example, a heterologous region 
of a nucleic acid construct could include a coding sequence 
?anked by sequences not found in association with the coding 
sequence in nature. Another example of a heterologous cod 
ing sequence is a construct where the coding sequence itself 
is not found in nature (e.g., synthetic sequences having 
codons different from the native gene). Similarly, a cell trans 
formed with a construct which is not normally present in the 
cell would be considered heterologous for purposes of this 
invention. Allelic variation or naturally occurring mutational 
events do not give rise to heterologous DNA, as used herein. 
“DNA” is meant to refer to a polymeric form of deoxyri 

bonucleotides (i.e., adenine, guanine, thymine and cytosine) 
in double-stranded or single-stranded form, either relaxed or 
supercoiled. This term refers only to the primary and second 
ary structure of the molecule, and does not limit it to any 
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10 
particular tertiary forms. Thus, this term includes single- and 
double-stranded DNA found, inter alia, in linear DNA mol 
ecules (e. g., restriction fragments), viruses, plasmids, and 
chromosomes. In discussing the structure of particular DNA 
molecules, sequences may be described herein according to 
the normal convention of giving only the sequence in the 5' to 
3' direction along the non-transcribed strand of DNA (i.e., the 
strand having the sequence homologous to the mRNA). The 
term captures molecules that include the four bases adenine, 
guanine, thymine and cytosine, as well as molecules that 
include base analogues which are known in the art. 
A “gene” or “coding sequence” or a sequence which 

“encodes” a particular protein is a nucleic acid molecule that 
is transcribed (in the case of DNA) and translated (in the case 
of mRNA) into a polypeptide in vitro or in vivo when placed 
under the control of appropriate regulatory sequences. The 
boundaries of the gene are determined by a start codon at the 
5' (i.e., amino) terminus and a translation stop codon at the 3' 
(i.e., carboxy) terminus. A gene can include, but is not limited 
to, cDNA from prokaryotic or eukaryotic mRNA, genomic 
DNA sequences from prokaryotic or eukaryotic DNA, and 
even synthetic DNA sequences. A transcription termination 
sequence will usually be located 3' to the gene sequence. 
The term “control elements” refers collectively to pro 

moter regions, polyadenylation signals, transcription termi 
nation sequences, upstream regulatory domains, origins of 
replication, internal ribosome entry sites (“IRES”), enhanc 
ers, and the like, which collectively provide for the replica 
tion, transcription and translation of a coding sequence in a 
recipient cell. Not all of these control elements need always 
be present, so long as the selected coding sequence is capable 
of being replicated, transcribed and translated in an appropri 
ate host cell. 
The term “promoter region” is used herein in its ordinary 

sense to refer to a nucleotide region including a DNA regu 
latory sequence, wherein the regulatory sequence is derived 
from a gene which is capable of binding RNA polymerase and 
initiating transcription of a downstream (3'-direction) coding 
sequence. 

“Operably linked” refers to an arrangement of elements 
wherein the components so described are con?gured so as to 
perform their usual function. Thus, control elements operably 
linked to a coding sequence are capable of effecting the 
expression of the coding sequence. The control elements need 
not be contiguous with the coding sequence, so long as they 
function to direct the expression thereof. Thus, for example, 
intervening untranslated yet transcribed sequences can be 
present between a promoter sequence and the coding 
sequence and the promoter sequence can still be considered 
“operably linked” to the coding sequence. 

For the purpose of describing the relative position of nucle 
otide sequences in a particularnucleic acid molecule through 
out the instant application, such as when a particular nucle 
otide sequence is described as being situated “upstream,” 
“downstream,” “5',” or “3'” relative to another sequence, it is 
to be understood that it is the position of the sequences in the 
non-transcribed strand of a DNA molecule that is being 
referred to as is conventional in the art. 
“Homology” as used herein refers to the percent of identity 

between two polynucleotide or two polypeptide moieties. 
The correspondence between the sequence from one moiety 
to another can be determined by techniques known in the art. 
For example, homology can be determined by a direct com 
parison of the sequence information between two polypeptide 
molecules by aligning the sequence information and using 
readily available computer programs. Alternatively, homol 
ogy can be determined by hybridization of polynucleotides 



US 7,858,590 B2 
11 

under conditions which form stable duplexes between 
homologous regions, followed by digestion with single 
stranded-speci?c nuclease(s), and size determination of the 
digested fragments. Two DNA or two polypeptide sequences 
are “substantially homologous” to each other when at least 
about 80%, preferably at least about 90%, and most prefer 
ably at least about 95% of the nucleotides or amino acids, 
respectively, match over a de?ned length of the molecules, as 
determined using the methods above. 

“Isolated” as used herein when referring to a nucleotide 
sequence, refers to the fact that the indicated molecule is 
present in the substantial absence of other biological macro 
molecules of the same type. Thus, an “isolated nucleic acid 
molecule which encodes a particular polypeptide” refers to a 
nucleic acid molecule that is substantially free of other 
nucleic acid molecules that do not encode the subject 
polypeptide. However, the molecule may include some addi 
tional bases or moieties that do not deleteriously affect the 
basic characteristics of the composition. 

The invention is based on the inventors’ study of the activ 
ity of the dopaminergic neuron differentiation factor sonic 
hedgehog (Shh), its downstream transcription factor target 
Gli-1, and an orphan nuclear receptor, Nurr-l, necessary for 
the induction of the dopaminergic phenotype of nigrostriatal 
neurons, in an in vivo model of nigrostriatal neurodegenera 
tion. Experiments demonstrated that all three constructs 
expressed the proper molecules and that these had the pre 
dicted biological activities in vitro. The inventors expressed 
the N-terminal of sonic hedgehog (Sth) and the Gli-1 and 
Nurr-l entire coding regions from highly puri?ed, and quality 
controlled, replication-defective adenoviral vectors injected 
into the brains of rats and used the dopaminergic growth 
factor GDNF as a positive control. The neurotoxin 6-hy 
droxydopamine was used to lesion the nigrostriatal dopam 
inergic innervation. RAd-Sth and RAd-Gli-l protected 
dopaminergic neuronal cell bodies in the substantia nigra, but 
not axonal terminals in the striatum, from 6-OHDA-induced 
cell death, while RAd-Nurr-l was ineffective in protecting 
either cell bodies or axons. RAd-GDNF was able to protect 
both the dopaminergic cell bodies and the striatal axon ter 
minals. The inventors’ results establish that gene transfer of 
Sth and one of its target transcription factors can selectively 
protect dopaminergic nigrostriatal neuronal cell bodies from 
a speci?c neurotoxic insult. Selective protection of nigrostri 
atal dopaminergic cell bodies by the differentiation factor 
Sth and the transcription factor Gli-1 was achieved in a 
neurotoxic model that eliminates more than 70% of the nigral 
neurons under consideration. Differentiation and transcrip 
tion factors can thus be used for the treatment ofneurodegen 
eration by gene therapy. 

Shh, secreted by the ?oor plate, ventralizes the developing 
neural tube and induces differentiation of midbrain nigro stri 
atal dopamine neurons [M. Hynes et al., Induction of mid 
brain dopaminergic neurons by Sonic hedgehog, Neuron, 
15 :35-44 (1995)]. Shh interacts with its receptor patched (ptc) 
and smoothened (smo) [D. Kalderon, Transducing the hedge 
hog signal, Cell, 103:371-374 (2000)], leading to the phos 
phorylation and nuclear translocation of the transcription fac 
tor Gli-1 [l.A. A. Ruiz et al., Hedgehog- Gli signalling and the 
growth ofthe brain, Nat. Rev. Neurosci., 3:24-33 (2002); R. J. 
Hardy, Dorsoventral patterning and oligodendroglial speci 
?cation in the developing central nervous system, J Neurosci. 
Res., 50: 139-145 (1997)] and activation of downstream genes 
[C. C. Hui et al., Expression ofthree mouse homologs ofthe 
Drosophila segment polarity gene cubitus interruptus, Gli; 
Gli-2, and Gli-3, in ectoderm-and mesoderm-derived tissues 
suggests multiple roles during postimplantation develop 
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ment, Dev. Biol, 162:402-413 (1994); J. Lee et al., Glil is a 
target of Sonic hedgehog that induces ventral neural tube 
development, Development, 124:2537-2552 (1997); K. A. 
Platt et al., Expression of the mouse Gli and Ptc genes is 
adjacent to embryonic sources of hedgehog signals suggest 
ing a conservation of pathways between ?ies and mice, Mech. 
Dev., 621121-135 (1997); H. Sasaki et al., A binding sitefor 
Gli proteins is essential for HNF -3beta ?oor plate enhancer 
activity in transgenics and can respond to Shh in vitro, Devel 
opment, 124:1313-1322 (1997)]. 
Sth protects cultures of fetal dopamine neurons from 

MPP+ toxicity [N. Miao et al., Sonic hedgehog promotes the 
survival of specific CNS neuron populations and protects 
these cellsfrom toxic insult in vitro, J Neurosci., 1715891 
5899 (1997)] and regulates the differentiation and prolifera 
tion of neuronal stem cells [K. Lai et al., Sonic hedgehog 
regulates adult neural progenitor proliferation in vitro and in 
vivo, Nat. Neurosci., 6:21 -27 (2003); N. Matsuura et al., Sonic 
hedgehogfacilitates dopamine di?'erentiation in thepresence 
ofa mesencephalic glial cell line, J. Neurosci., 21 14326-4335 
(2001); T. E. Kim et al., Sonic hedgehog and FGF8 collabo 
rate to induce dopaminergic phenotypes in the Nurrl -over 
expressing neural stem cell, Biochem. Biophys. Res. Com 
mun., 305:1040-1048 (2003)]. Further, Shh peptide injected 
directly into the brains of rodents and marmosets has bene? 
cial effects in experimental models of PD [E. Bezard et al., 
Sonic hedgehog is a neuromodulator in the adult subthalamic 
nucleus, FASEB J., 17:2337-2338 (2003); B. Dass et al., 
Behavioural and immunohistochemical changes following 
supranigral administration ofsonic hedgehog in 1-methyl-4 
phenyl-l,2,3,6-tetrahydropyridine-treated common marmo 

sets, Neuroscience, 114199-109 (2002); K. Tsuboi et al., 
Intrastriatal injection of sonic hedgehog reduces behavioral 
impairment in a rat model of Parkinson ’s disease, Exp. Neu 
rol., 173:95-104 (2002)].Nurr-1 is an orphan nuclear receptor 
necessary for the expression of the dopaminergic phenotype 
of developing nigrostriatal neurons, such as tyrosine 
hydroxylase, dopamine transporter [R. H. Zetterstrom et al., 
Dopamine neuron agenesis in Nurrl-de?cient mice, Science, 
276:248-250 (1997)]. Shh, ptc, smo, Gli-1, and Nurr-l are 
present in the adult rodent brain [D. Charytoniuk et al., Sonic 
Hedgehog signalling in the developing and adult brain, J. 
Physiol. Paris, 96:9-16 (2002); E. Traiffort et al., Discrete 
localizations of hedgehog signalling components in the 
developing and adult rat nervous system, Eur. J. Neurosci., 
1 1:3199-3214 (1999); E. Traiffort et al., Regional distribution 
ofSonic Hedgehog, patched, and smoothened mRNA in the 
adult rat brain, J. Neurochem., 70:1327-1330 (1998)]. 

To test the hypothesis that Shh, Gli-1, or Nurr-l protects 
dopamine nigrostriatal neurons from neurotoxin-induced 
neurodegeneration the inventors constructed RAd vectors 
expressing Sth(RAd-Sth), Gli-1 (RAd-Gli-l), or Nurr-l 
(RAd-Nurr- 1) under the control of the major immediate early 
human cytomegalovirus promoter (hCMV) and compared 
these to GDNF (RAd-GDNF) and a control vector expressing 
[3-galactosidase (RAd-35). RAd-Sth and RAd-Gli-l pro 
tected nigrostriatal dopaminergic cell bodies, but not their 
striatal terminals, from 6-OHDA-induced neurodegenera 
tion, while RAd-Nurr-l was ineffective. These results indi 
cate that nigrostriatal dopaminergic cell bodies can be pro 
tected from neurotoxin-induced cell death independent of the 
maintenance of their axonal terminals. While not wishing to 
be bound by any particular theory, it is believed that Sth and 
Gli-1 may be neuroprotective through the activation of 
mechanisms different from those of GDNF, which protects 
both cell bodies and striatal terminals. 



US 7,858,590 B2 
13 

In further experimental procedures, the inventors found 
that neuron-speci?c expression of Gli-l using the neuron 
speci?c Tal (x-tubulin promoter was neuroprotective and its 
efficiency was comparable to the pancellular strong viral 
hCMV promoter [D. Suwelack et al., Neuronal expression of 5 
the transcription factor Glil using the Totl ot-tubilin pro 
moter is neuroprotective in an experimental model of Parkin 
son ’s disease, Gene Therapy, 11: 1742-1752 (2004)]. 

The invention includes compositions and methods for the 
treatment of PD using Sth and/ or Gli- 1, either through gene 
therapeutic approaches or direct peptide injection. More spe 
ci?cally, the invention includes methods of treating PD by 
administering a therapeutically effective amount of Sth 
and/ or Gli-l to a mammal. In one embodiment of the present 
invention, the mammal is a human. The Sth and/or Gli-l 
may be formulated into an appropriate pharmaceutical com 
position for use in connection with the gene therapeutic and/ 
or direct peptide delivery techniques as contemplated by 
alternate embodiments of the present invention. 

The inventive therapeutics may be administered by any 
appropriate technique, as will be readily appreciated by those 
of skill in the art. With respect to embodiments of the present 
invention that incorporate Sth and/or Gli-l therapeutics, 
the therapy may be administered by a gene therapeutic 
approach. For instance, rAAV virions including heterologous 
DNA corresponding to a Sth and/ or Gli-l coding sequence 
may be generated by any conventional technique known in 
the art. By way of example, the recombinant AAV virions of 
the present invention, including the Sth or Gli-l DNA of 
interest, can be produced by a standard methodology that 
generally involves the steps of: (l) introducing anAAV vector 
into a host cell; (2) introducing an AAV helper construct into 
the ho st cell, where the helper construct includes AAV coding 
regions capable of being expressed in the host cell to comple 
ment AAV helper functions missing from the AAV vector; (3) 
introducing one or more helper viruses and/or accessory 
function vectors into the host cell, wherein the helper virus 
and/or accessory function vectors provide accessory func 
tions capable of supporting ef?cient rAAV virion production 
in the host cell; and (4) culturing the host cell to produce 
rAAV virions. The AAV vector, AAV helper construct and the 
helper virus or accessory function vector(s) can be introduced 
into the host cell either simultaneously or serially, using stan 
dard transfection techniques. Examples of such techniques 
are described in greater detail in the ensuing Examples herein. 
In accordance with various embodiments of the present 
invention, it may be particularly bene?cial to construct the 
viral vectors of the instant invention such that Sth and/or 
Gli-l are under the control of, for example, the hCMV pro 
moter or the Tal promoter. 
AAV vectors are constructed using known techniques to at 

least provide, as operatively linked components in the direc 
tion of transcription, (a) control elements including a tran 
scriptional initiation region, (b) the Sth and/ or Gli-l DNA 
of interest and (c) a transcriptional termination region. More 
over, any coding sequence suf?ciently homologous to the 
Sth and/or Gli-l coding sequence so as to exhibit functional 
properties substantially similar to the Sth and/or Gli-l cod 
ing sequence may be used in connection with alternate 
embodiments of the present invention. The control elements 
are selected to be functional in the targeted cell(s). The result 
ing construct, which contains the operatively linked compo 
nents, may be bounded (5' and 3') with functional AAV ITR 
sequences. The nucleotide sequences ofAAV ITR regions are 
known. See, e.g., Kotin, R. M. (1994) Human Gene Therapy 
51793-801; Bems, K. I. “Parvoviridae and their Replication” 
in Fundamental Virology, 2nd Edition, (B. N. Fields and D. 
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M. Knipe, eds.) for the AAV-2 sequence. AAV ITRs used in 
the vectors of the invention need not have a wild-type nucle 
otide sequence, and may be altered (e.g., by the insertion, 
deletion or substitution of nucleotides). Additionally, AAV 
ITRs may be derived from any of several AAV serotypes, 
including, without limitation, AAV-l , AAV-2, AAV-3 , AAV-4, 
AAV-5, AAVX7, and the like. Furthermore, 5' and 3' ITRs that 
?ank a selected nucleotide sequence in an AAV expression 
vector need not necessarily be identical or derived from the 
same AAV serotype or isolate, so long as they function as 
intended (i.e., to allow for excision and replication of the 
bounded Sth and/ or Gli-l nucleotide sequence of interest). 

Therefore, in accordance with an embodiment of the inven 
tion, the rAAV virions including a Sth and/or Gli-l coding 
sequence are delivered to a mammal in a suf?cient quantity 
and by a suf?cient delivery route so as to effect gene transfer. 
This may provide an effective treatment for PD in the mam 
mal. In an alternate embodiment of the present invention, this 
may protect dopaminergic nigrostriatal neuronal cell bodies 
from 6-OHDA-induced neurotoxicity. 

In an alternate embodiment of the present invention, a 
quantity of Sth and/ or Gli-l peptide may be directly admin 
istered to a mammal in a therapeutically effective amount to 
treat PD and/or to protect dopaminergic nigrostriatal neu 
ronal cell bodies from 6-OHDA-induced neurotoxicity. 

In various embodiments, the present invention provides 
pharmaceutical compositions (in connection with gene thera 
peutics and direct peptide administration techniques) includ 
ing a pharmaceutically acceptable excipient along with either 
a therapeutically effective amount of a viral vector for deliv 
ery of Sth and/ or Gli-l or a therapeutically effective 
amount of Sth and/ or Gli-l protein. “Pharmaceutically 
acceptable excipient” means an excipient that is useful in 
preparing a pharmaceutical composition that is generally 
safe, non-toxic, and desirable, and includes excipients that are 
acceptable for veterinary use as well as for human pharma 
ceutical use. Such excipients may be solid, liquid, semisolid, 
or, in the case of an aerosol composition, gaseous. 

In various embodiments, the pharmaceutical compositions 
according to the invention may be formulated for delivery via 
any route of administration. “Route of administration” may 
refer to any administration pathway known in the art, includ 
ing but not limited to aerosol, nasal, oral, transmucosal, trans 
dermal or parenteral. “Parenteral” refers to a route of admin 
istration that is generally associated with injection, including 
intraorbital, infusion, intraarterial, intracapsular, intracar 
diac, intradermal, intramuscular, intraperitoneal, intrapulmo 
nary, intraspinal, intrastemal, intrathecal, intrauterine, intra 
venous, subarachnoid, subcapsular, subcutaneous, 
transmucosal, or transtracheal. Via the parenteral route, the 
compositions may be in the form of solutions or suspensions 
for infusion or for injection, or as lyophilized powders. In one 
embodiment of the present invention the inventive composi 
tions are injected directly into the brain of a mammal. 

The pharmaceutical compositions according to the inven 
tion can also contain any pharmaceutically acceptable carrier. 
“Pharmaceutically acceptable carrier” as used herein refers to 
a pharmaceutically acceptable material, composition, or 
vehicle that is involved in carrying or transporting a com 
pound of interest from one tissue, organ, or portion of the 
body to another tissue, organ, or portion of the body. For 
example, the carrier may be a liquid or solid ?ller, diluent, 
excipient, solvent, or encapsulating material, or a combina 
tion thereof. Each component of the carrier must be “phar 
maceutically acceptable” in that it must be compatible with 
the other ingredients of the formulation. It must also be suit 
able for use in contact with any tissues or organs with which 
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it may come in contact, meaning that it must not carry a risk 
of toxicity, irritation, allergic response, immunogenicity, or 
any other complication that excessively outweighs its thera 
peutic bene?ts. 

The pharmaceutical compositions according to the inven 
tion can also be encapsulated, tableted or prepared in an 
emulsion or syrup for oral administration. Pharmaceutically 
acceptable solid or liquid carriers may be added to enhance or 
stabilize the composition, or to facilitate preparation of the 
composition. Liquid carriers include syrup, peanut oil, olive 
oil, glycerin, saline, alcohols and water. Solid carriers include 
starch, lactose, calcium sulfate, dihydrate, terra alba, magne 
sium stearate or stearic acid, talc, pectin, acacia, agar or 
gelatin. The carrier may also include a sustained release mate 
rial such as glyceryl monostearate or glyceryl distearate, 
alone or with a wax. 

The pharmaceutical preparations are made following the 
conventional techniques of pharmacy involving milling, mix 
ing, granulation, and compressing, when necessary, for tablet 
forms; or milling, mixing and ?lling for hard gelatin capsule 
forms. When a liquid carrier is used, the preparation will be in 
the form of a syrup, elixir, emulsion or an aqueous or non 
aqueous suspension. Such a liquid formulation may be 
administered directly p.o. or ?lled into a soft gelatin capsule. 

The pharmaceutical compositions according to the inven 
tion may be delivered in a therapeutically effective amount. 
The precise therapeutically effective amount is that amount of 
the composition that will yield the most effective results in 
terms of ef?cacy of treatment in a given subject. This amount 
will vary depending upon a variety of factors, including but 
not limited to the characteristics of the therapeutic compound 
(including activity, pharmacokinetics, pharmacodynamics, 
and bioavailability), the physiological condition of the sub 
ject (including age, sex, disease type and stage, general physi 
cal condition, responsiveness to a given dosage, and type of 
medication), the nature of the pharmaceutically acceptable 
carrier or carriers in the formulation, and the route of admin 
istration. One skilled in the clinical and pharmacological arts 
will be able to determine a therapeutically effective amount 
through routine experimentation, for instance, by monitoring 
a subject’s response to administration of a compound and 
adjusting the dosage accordingly. For additional guidance, 
see Remington: The Science and Practice of Pharmacy 
(Gennaro ed. 20th edition, Williams & Wilkins PA, USA) 
(2000). 
The present invention is also directed to a kit for the treat 

ment of PD. The kit is useful for practicing the inventive 
method of treating PD. The kit is an assemblage of materials 
or components, including at least one of the inventive com 
positions. Thus, in some embodiments the kit contains a 
composition including a viral vector expressing Sth and/or 
Gli-l, or, in an alternate embodiment, the kit contains a com 
position including Sth and/or Gli-l peptides, as described 
above. 

The exact nature of the components con?gured in the 
inventive kit depends on its intended purpose. For example, 
some embodiments of the kit are con?gured for the purpose of 
treating cultured mammalian cells. Other embodiments are 
con?gured for the purpose of treating mammalian cells in 
vivo (i.e., for treating mammalian subjects in need of treat 
ment, for example, subj ects with PD). In one embodiment, the 
kit is con?gured particularly for the purpose of treating 
human subjects. 

Instructions for use may be included in the kit. “Instruc 
tions for use” typically include a tangible expression describ 
ing the technique to be employed in using the components of 
the kit to effect a desired outcome, such as the treatment of 
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PD. Optionally, the kit also contains otheruseful components, 
such as, diluents, buffers, pharmaceutically acceptable carri 
ers, specimen containers, syringes, stents, catheters, pipetting 
or measuring tools, or other useful paraphernalia as will be 
readily recognized by those of skill in the art. 
The materials or components assembled in the kit can be 

provided to the practitioner stored in any convenient and 
suitable ways that preserve their operability and utility. For 
example the components can be in dissolved, dehydrated, or 
lyophilized form; they can be provided at room, refrigerated 
or frozen temperatures. The components are typically con 
tained in suitable packaging material(s). As employed herein, 
the phrase “packaging material” refers to one or more physi 
cal structures used to house the contents of the kit, such as 
inventive compositions and the like. The packaging material 
is constructed by well known methods, preferably to provide 
a sterile, contaminant-free environment. The packaging 
materials employed in the kit are those customarily utilized in 
polynucleotide-based or peptide-based systems. As used 
herein, the term “package” refers to a suitable solid matrix or 
material such as glass, plastic, paper, foil, and the like, 
capable of holding the individual kit components. Thus, for 
example, a package can be a glass vial used to contain suitable 
quantities of an inventive composition containing nucleic 
acid or peptide components. The packaging material gener 
ally has an external label which indicates the contents and/or 
purpose of the kit and/ or its components. 

In another embodiment, the present invention includes 
various in vivo models of nigrostriatal neurodegeneration, 
using a non-human mammal that carries in at least a portion of 
the cells of its brain at least one exogenous Sth or Gli-l 
DNA. Such animal models may be useful for a variety of 
purposes, including studying a number of diseases and physi 
ologic conditions (e.g., those described herein), as well as 
screening therapeutic candidates for the treatment of such 
diseases and physiologic conditions, and still furtheruses that 
will be readily apparent to those of skill in the art. 
The inventors’ experiments demonstrate that the differen 

tiation factor Sth can act as a trophic factor for embryonic 
dopaminergic neurons in primary cultures, and, similar to its 
downstream transcriptional activator, Gli- 1, they both protect 
a signi?cant percentage of adult dopaminergic nigrostriatal 
neuronal cell bodies from 6-OHDA-induced neurotoxicity. 
Sth and Gli-l protected only the nigral dopaminergic cell 
bodies from neurodegeneration and not the striatal axonal 
terminals of these neurons. The positive control vector used 
expressing GDNF, on the other hand, protected both the 
nigral cell bodies and the dopaminergic terminals. It is impor 
tant to note that GDNF protected a hi gherpercentage of nigral 
cell bodies (z80%) compared to the percentage of striatal 
dopaminergic innervation (z60%). The inventors’ negative 
control vector expressing the reporter [3-galactosidase and the 
RAd-Nurr-l vector, however, were unable to protect either 
the cell bodies or the dopaminergic axon terminals in the 
striatum. The use of internal positive and negative control 
vectors provided stringent mechanisms to identify both active 
and inactive factors able to protect nigral cell bodies from 
neurotoxic degeneration. 
6-OHDA reduced the size of dopaminergic neuronal cell 

bodies in the substantia nigra. RAd-GDNF, which showed the 
greatest capacity to maintain the axonal terminals of nigros 
triatal neurons, also achieved the greatest protection of cell 
body size in the substantia nigra. While Sth and Gli-l were 
less potent, they signi?cantly protected against the neuro 
toxin-induced soma atrophy. Thus, while GDNF was more 
effective in preserving nigral dopamine neuron numbers, stri 
atal tyrosine hydroxylase axon terminal density, and nigral 
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dopamine soma size, Sth and Gli-l had a protective effect 
on neuronal numbers and nigral soma area, but were com 
pletely ineffective in protecting the striatal dopaminergic 
innervation from neurotoxin-induced degeneration. Thus, 
Sth and Gli-l protected partially against the denervation 
induced soma atrophy, without preserving the density of 
dopaminergic striatal innervation. 

Administration of GDNF into the substantia nigra has been 
previously been shown to protect mainly the nigral dopam 
inergic cell bodies [A. Bjorklund et al., Towards a neuropro 
tective gene therapy for Parkinson ’s disease: use of adenovi 
rus, AAVand lentivirus vectors for gene transfer of GDNF to 
the nigrostriatal system in the rat Parkinson model, Brain 
Res., 886:82-98 (2000)] but not the striatal axonal terminals. 
Delivery of GDNF to the striatum has been shown to provide 
neuroprotection to both nigral cell bodies and axonal termi 
nals, as seen in the experiments performed and described 
herein and those described by others [D. L. Choi-Lundberg et 
al., Dopaminergic neurons protected from degeneration by 
GDNFgene therapy, Science, 275:838-841 (1997);A. Bjork 
lund et al., Towards a neuroprotective gene therapy for Par 
kinson ’s disease: use of adenovirus, AAV and lentivirus vec 
tors for gene transfer of GDNF to the nigrostriatal system in 
the rat Parkinson model, Brain Res., 886:82-98 (2000); D. L. 
Choi-Lundberg et al., Behavioral and cellular protection of 
rat dopaminergic neurons by an adenoviral vector encoding 
glial cell line-derived neurotrophicfactor, Exp. Neurol., 154: 
261-275 (1998); B. Connor et al., Di?‘erential eyfects ofglial 
cell line-derived neurotrophic factor (GDNF) in the striatum 
and substantia nigra of the aged Parkinsonian rat, Gene 
Ther., 6:1936-1951 (1999); B. Connor et al., Glial cell line 
derived neurotrophicfactor (GDNF) gene delivery protects 
dopaminergic terminals from degeneration, Exp. Neurol., 
169:83-95 (2001)]. Further, the anti-apoptotic protein XIAP 
has also been shown to protect predominantly nigral cell 
bodies upon delivery using recombinant adenovirus into the 
striatum of mice [0. Eberhardt et al., Protection by synergis 
tic @fects of adenovirus-mediated X-chromosome-linked 
inhibitor ofapoplosis andglial cell line-derived neurotrophic 
factor gene transfer in the 1-methyl-4-henyl-1,2,3,6-tetrahy 
dropyridine model of Parkinson ’s disease, J. Neurosci., 
20:9126-9134 (2000)]. Thus, there is precedence for the 
selective neuroprotection of nigral dopaminergic cell bodies, 
even when using experimental paradigms comparable to 
those described herein. 

The increased effectiveness of GDNF may be related to its 
capacity to preserve the striatal axon terminals [B. Connor et 
al., Diferential eyfects ofglial cell line-derived neurotrophic 
factor (GDNF) in the striatum and substantia nigra of the 
aged Parkinsonian rat, Gene Ther., 6:1936-1951 (1999); A. 
Bilang-Bleuel et al., lntrastriatal injection ofan adenoviral 
vector expressing glial-cell-line-derived neurotrophic factor 
prevents dopaminergic neuron degeneration and behavioral 
impairment in a rat model of Parkinson disease, Proc. Natl. 
Acad. Sci. USA, 94:8818-8823 (1997)]. Although recently 
untoward effects of GDNF have been described at long times 
following GDNF delivery [B. Georgievska et al., Aberrant 
sprouting and downregulation of tyrosine hydroxylase in 
lesioned nigrostriatal dopamine neurons induced by long 
lasting overexpression of glial cell line derived neurotrophic 
factor in the striatum by lentiviral gene transfer, Exp. Neurol., 
177:461-474 (2002); C. Rosenblad et al, Long-term striatal 
overexpression of GDNF selectively downregulates tyrosine 
hydroxylase in the intact nigrostriatal dopamine system, Eur. 
J. Neurosci., 17:260-270 (2003)], the experimental design 
upon which the present invention is based was not designed to 
examine these speci?cally, and thus, they were not uncov 
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ered. lntrastriatal 6-OHDA causes a slow degeneration of 
nigral neurons. Hence, although not wishing to be bound by 
any particular theory, it is believed that nigral neuron survival 
could depend on the continued retrograde transport of the 
adenoviruses, or the growth factors encoded by them, to the 
substantia nigra. It has been recently demonstrated that Shh 
and its receptor Ptc can also be endocytosed in neural plate 
explants; suggesting that this event may be linked to the 
mechanism of Shh signal transduction [J . P. lncardona et al, 
Receptor-mediated endocytosis of soluble and membrane 
tethered Sonic hedgehog by Patched-1, Proc. Natl. Acad. Sci. 
USA, 97: 12044-12049 (2000)]. These mechanisms will oper 
ate only in the presence of intact axon terminals, and the loss 
of striatal axons will thus compromise the effectiveness of 
RAd-Sth and RAd-Gli-l. Retrograde transport of RAds 
has been demonstrated by the inventors in this paradigm and 
has also been described by others [D. L. Choi-Lundberg et al., 
Behavioral and cellular protection of rat dopaminergic neu 
rons by an adenoviral vector encoding glial cell line-derived 
neurotrophic factor, Exp. Neurol., 154:261-275 (1998); V. 
Ridoux et al, Adenoviral vectors as functional retrograde 
neuronal tracers, Brain Res., 648:171-175 (1994)]. 

Nurr-l, despite being indispensable during early brain 
development for the expression of the dopaminergic pheno 
type [R. H. Zetterstrom et al, Dopamine neuron agenesis in 
Nurrl-de?cient mice, Science, 276:248-250 (1997)], had no 
effect on the survival of nigral dopamine neurons in the inven 
tors’ experimental paradigm. Nurr-l is a powerful factor that 
contributes to the determination of the dopaminergic pheno 
type during neuronal differentiation, most possibly by het 
erodimerization with the retinoid X receptor [A. Wallen 
Mackenzie et al, Nurrl-RXR heterodimers mediate RXR 
ligand-induced signaling in neuronal cells, Genes Dev., 
173036-3047 (2003)]. Thus, Nurr-l activates dopaminergic 
speci?c genes in neuronal stem cells, and allows the differ 
entiation of neuronal stem cells along a dopaminergic path 
way, and has also been shown to have a neuroprotective effect 
in mouse neural stem cells [K. Sakurada et al, Nurrl, an 
orphan nuclear receptor, is a transcriptional activator of 
endogenous tyrosine hydroxylase in neural progenitor cells 
derivedfrom the adult brain, Development, 126:4017-4026 
(1999); T. E. Kim et al, Sonic hedgehog and FGF8 collabo 
rate to induce dopaminergic phenotypes in the Nurrl -over 
expressing neural stem cell, Biochem. Biophys. Res. Com 
mun., 305: 1040-1048 (2003); J. Wagner et al., Induction ofa 
midbrain dopaminergic phenotype in Nurrl -overexpressing 
neural stem cells by type 1 astrocytes, Nat. Biotechnol., 
17:653-659 (1999); J. Y. Kim et al., Dopaminergic neuronal 
differentiation from rat embryonic neural precursors by 
Nurrl overexpression, J. Neurochem., 85: 1443-1454 (2003); 
J. Satoh et al., The constitutive and inducible expression of 
Nurrl, a key regulator of dopaminergic neuronal di/ferentia 
tion, in human neural and non-neural cell lines, Neuropathol 
ogy, 22:219-232 (2002); M. A. Lee et al., Overexpression of 
midbrain-speci?c transcription factor Nurrl modi es sus 
ceptibility of mouse neural stem cells to neurotoxins, Neuro 
sci. Lett., 333:74-78 (2002)]. In summary, the role of Nurr-l 
in promoting the development of the dopaminergic pheno 
type of midbrain neurons has been studied during ontogen 
esis, but its role in adults has not been thoroughly evaluated. 
That it does play a role can be surmised by its being essential 
for the expression of Ret, a central component of GDNF 
signaling, in midbrain dopamine neurons [A. A. Wallen et al., 
Orphan nuclear receptor Nurrl is essential for Ret expres 
sion in midbrain dopamine neurons and in the brain stem, 
Mol. Cell. Neurosci., 18:649-663 (2001)]. Thus, the lack of 
effect of Nurr-l could be due to the high constitutive levels of 
























